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Summary:

The manufacture of high-precision parts made of silicon-nitride ceramic, such
as roller bearing rings or valves, currently involves finishing in the form of time
and cost intensive grinding operations. This has resulted in demands for the
development of more efficient machining techniques and for the subsequent
provision of these within a manufacturing environment. A prototype of a
precision lathe with an integrated high power diode laser for laser-assisted
turning has been developed at the Fraunhofer IPT in close co-operation with
industrial partners. When the workpiece is heated continuously by the laser,
the resultant localised material softening enables the ceramic to be machined
using a defined cutting edge. The application of this technique allows
complex silicon nitride ceramic parts with surface qualities of up to
Ra = 0.3 urn to be produced considerably more flexibly than before, with no
requirement for cooling lubricant.
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Introduction:

Innovative products frequently call for the use of innovative materials. The
material plays a key role within the manufacturing chain - from material
manufacture through the manufacture of semi-finished parts and finished
parts, to their use within engineering systems. The importance of advanced
ceramics is increasingly steadily due both to their specific characteristics and
to the very exacting demands being imposed on engineering products. There
is a demand for innovative ceramic components in many areas of industry.
Because of their higher wear resistance and lower weight, silicon nitride
valves, for example, are increasingly replacing steel valves in the engine
construction sector. In sealing and bearing applications too, ceramic roller
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bearings are already being manufactured and are enhancing slide and
emergency running properties in high frequency spindles, for example. In the
field of process engineering, valve seats and cones are being manufactured
from ceramic materials. Consequently, they can cope with exposure to
aggressive media. Silicon nitride ceramic has come to occupy a position of
particular importance, by virtue of its characteristics which are superior to
those of oxide ceramics in many respects (high strength in relation to their
weight, high levels of hardness and wear resistance, good thermal fatigue
resistance and high temperature strength).

The successful use of new advanced ceramics depends largely on the ability
to implement ceramic-oriented designs on application-oriented functional
parts. The widespread use of ceramic functional parts is hampered, however,
by the comparatively high manufacturing costs which arise on one hand from
the sintering operations conducted in the course of the manufacture of the
material and on the other hand, to a much larger extent, from the finish-
machining (hard machining) operation. The reduction in volume which takes
place in the sintering operation and any distortion which may occur, result in
dimensional and form inaccuracies which stand in the way of any attempt to
achieve »Near-Net-Shaping« during sintering. The properties of the
subsurface zone which forms during sintering (sinter skin) are different from
those of the base material and must therefore be removed in a finishing
operation. The manufacture of parts with complex geometries and the high
levels of surface quality required, in a green or white machining operation
conducted on formed and strengthened unmachined parts prior to sintering, is
also possible only in certain cases. Semi-finished goods must therefore be
finish-machined in their sintered (hard) state in order to ensure that the
functional surfaces required in engineering applications, are achieved.

To date, the industrially applicable manufacturing techniques suitable for
finish-machining ceramic materials in their sintered state, have been limited to
manufacturing operations which are conducted using a geometrically
undefined cutting edge, such as grinding, honing and lapping. The material
removal rates achieved in these operations, are comparatively low. The ability
to meet demands for ever higher machining capacities in conjunction with
increasingly high levels of machining accuracy is therefore severely limited in
relation to hard machining operations conducted on advanced ceramics.
Alongside material removal, surface quality and the subsurface properties of
hard-machined ceramics are important factors in operations involving hard-
machined ceramics. Because of the process characteristics of these
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technologies, the machining costs make up a considerable proportion (up to
80 %) of the total part costs.

Laser-assisted hot machining

Developments in material technology have produced advanced ceramics
whose excellent properties permit industrial use over a wide range of
applications. It is vital, therefore, to optimise material-oriented technologies,
with excellent levels of flexibility and productivity, if ceramic parts are to gain
access to further areas of the market. The principal objectives in the
development of innovative machining techniques which are suitable for serial
production, are therefore a considerable increase in material removal rates
and thus in the efficiency of the manufacturing techniques and the expansion
of the range of geometries which can be produced using the engineering
facilities available.

Innovative manufacturing technologies such as laser-assisted hot machining,
open up completely new perspectives for machining and therefore for the
application of advanced ceramics. Laser-assisted turning is both an
alternative to and an extension of the range of techniques of hard-machining
sintered parts made of advanced ceramics.

Process characteristics Process method
- continuous heating of the material

in the chipping zone
- chipping of the plastified material

Target
- improved machinability of materials

that are conventionally hard to machine
- realisation of innovative machining

processes (e.g. turning of ceramic)

Condition on the !000.M^?r.ensth_.
material properties goo
(e.g.: S3N4)

600

400

1000 1400
Temperature [°q

Fig.1 - The temperature-dependent reduction in the strength of silicon-nitride
ceramic, is the basic requirement for effective application of hot machining

techniques
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The external application of energy via the laser beam ensures that the
material is heated continuously (Fig. 1). The energy absorbed by the
workpiece surface rapidly heats the workpiece subsurface. The localised
heating of the machining zone directly ahead of tool contact, causes the glass
phase in the workpiece structure to plasticise. The amorphous glass phase
surrounding the silicon nitride crystals at the grain boundaries, demonstrates
elastic-viscous behaviour at elevated temperatures. Heating the glass phase
to temperatures in excess of 1000 °C therefore results in a reduction in
forming resistance and thus, in localised softening of the material in the
shearing zone. This in turn makes it possible to machine the ceramic using a
geometrically defined cutting edge. The basic requirement is a reduction in
material strength as a result of the plasticisation of a suitable proportion of the
glass phase at elevated temperature. It is essential that these conditions are
met, when the aim is to use conventional cutting tools in economically
efficient operation to machine silicon nitride ceramics.

Both the machining process and the machining outcome are influenced by a
number of different factors in laser-assisted turning operations. Basic process
investigations focus therefore on the analysis of all relevant process variables
and on their interaction with one another (Fig. 2).

M aterial
- material

(HPSN, HIPgvl,..)
- therm./ mech. properties
- material structure
- form, dimension and offset

Tool
-cutting material
-edge geometry
- therm./ mech. properties

Laser beam parameters
-wavelength
- laser intensity
- relative distance between
laser spot and cutting edge

Cutting conditions
-cutting speed
-feed
-depth of cut

Process

-tool life
- material removal rate
- cutting force
- chip formation

Machining result

Part

- part geometry (accuracy in dimension
and form, surface roughness,...)

- outer shell propertiesfreadual stress,
hardnessgradient, formation of structure)

- functionality, strength

Fig. 2: The final outcome of the operation is determined by the precise co-
ordination of all of the factors which influence the process
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The cutting parameters cutting speed, feed and cutting depth along with the
laser beam parameters laser power, focal spot position and geometry, are at
the centre of all investigations. The resultant process characteristics can be
analysed and evaluated in terms of process force level, chip formation and
tool wear.

The part and the material used, are of considerable significance. The
machining process must be adapted to suit the specific thermal and
mechanical properties of the material. It is important to take account of the
structural formation, i.e. the proportion and distribution of the glass phase in
the material structure. The part geometry is a vital factor in the production of
the heat required to ensure a sufficiently high level of plasticisation, i.e.
ultimately, the level of laser power needed in order to produce the necessary
temperature field in the workpiece.

The cutting material and therefore its temperature and abrasion resistance,
are important factors in terms of the tools to be used for a given application.
Tool wear is determined largely by the stresses and strains which accumulate
at the cutting edge. These result on one hand from the high machining
temperatures produced by the heat applied in conjunction with the self-
induced heat and on the other hand, from the extremely abrasive effect of the
silicon nitride crystals. Very hard cutting materials with high temperature
strength such as cubical boron nitride (CBN) or polycrystalline diamond
(PCD) are the ones most capable of resisting these stresses. Ultimately,
conventional PCD cutting inserts were found to be suitable for laser-assisted
turning operations. Tool life was over 10 % higher than that recorded when
CBN tools are used. It also emerged that the geometry of the cutting edge
exerts considerable influence. Generally speaking, smaller corner radii
demonstrated better wear characteristics in conjunction with similar levels of
surface quality.

Selective, controlled application of heat is one of the main prerequisites for
the reliable use of laser-assisted turning technology to machine silicon nitride
ceramic. The objective is always to achieve the required temperature profile
in the workpiece which is given by the relative motion between the workpiece
surface and the laser focus. The thermal boundary conditions specified within
the machining zone, guarantee a low-wear machining operation. The wave
length and thus the absorption characteristics of the laser beam in the
workpiece surface was determined at an earlier stage, when the type of laser
to be used, was specified. However, it is possible to adapt the absorption
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characteristics within certain limits, by modifying the material selectively.
Ultimately, the geometry of the focal spot and with it, the laser beam intensity
available and, to an even greater extent, the position of the focal spot in
relation to the tool cutting edge, are decisive factors in the process. An
temperature between 1100 °C and 1300 °C proved to be optimum (Fig. 3).

Cutting edge

T=1100°C

Process conditions

Material
S3N4 (CFI: N 3108)

Cutting tool

PKD rough-grained
(9CMW 09T304)

Laser

DILAS1.2kW HDL
Focal spot 1.5x4 mm2

Cutting conditions

cutting speed vc = 30m/min
feed f = 15 Mm
depth of cut ap = 0.5mm

Tool wear at tool flank

120 Mm VB, Rank wear
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Fig. 3: On favorable process design, the laser-assisted turning enables the
machining of ceramics with geometrically defined cutting edge using

commercial available cutting tools

As in conventional turning operations, process control must take account of
the cutting conditions. These indirectly determine temperature distribution in
the workpiece, i.e. the formation of a stable, appropriate temperature in the
workpiece as well as the actual chip formation. However, laser beam
parameters and cutting conditions cannot be regarded in isolation from one
another since they interact and exert considerable influence on one another.
For example at a specified focal spot temperature, the heated area of the
workpiece reaches the area of tool contact fore quickly as a result of the
higher cutting speed. However, this also limits the length of time available for
the application of heat by the laser beam.

Wherever the aim is quality and cost oriented process design, it is essential to
co-ordinate all process variables, taking account of their interactions.
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Ultimately, process control is evaluated in terms of the quality of the
machining outcome. Tool wear and chip formation are the principal evaluation
criteria for the process of laser-assisted turning. As far as the parts which
have been machined are concerned, it is important to review the levels of
dimensional and form accuracy specified in order to rule out the possibility of
deviation as a result of thermal expansion and to achieve the subsurface
properties which guarantee the functionality of the part.

Machine concept for laser-assisted turning

Expertise in the process technology and the provision of appropriate machine
tools are both essential if this technology is to be deployed successfully in
industrial manufacture. In conjunction with the technological developments
previously outlined, a machine tool suitable for use in industrial practice has
been designed and implemented, taking account of the process specific
boundary conditions.

The prototype produced, is based on a conventional precision lathe with an
integrated high power diode laser, whose size and weight along with its level
of efficiency which is considerably higher than those of conventional lasers,
make it particularly suitable for use in machine tools for laser-assisted turning.
The limited working area in the machine makes it essential to ensure that the
laser, including the movement kinematics, are compact. Because it is so
important for process control to generate heat in the workpiece, care must be
taken to ensure a constant optimum laser positioning in relation to the
workpiece, depending on the machining operation involved. The basic
functionality of the machine tool must not be restricted in any way.

On the basis of the results obtained in analyses of the available machining
space, a flat revolver was selected for use as a tool carrier. The HDL laser is
placed on this revolver with the movement axes required. In addition to the
traditional axes required for conventional turning operations, two linear and
one rotational axis have been integrated and are implemented in the NC
control unit as separate machine axes. One of the two linear axes serves to
focus the laser on the workpiece. Consequently, the size of the focal spot
varies, permitting the level of intensity applied, to be adapted to suit the
machining conditions. The second linear axis is perpendicular to the
focussing axis and is used to position the laser focal spot in relation to the
tool cutting edge towards the circumference. This makes it possible to vary
the distance between the warming up point and the cutting edge contact
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point. The additional rotational axis serves to position the laser focal point in
relation to the tool cutting edge.

Collision studies and movement simulations were carried out in order to
guarantee the basic machine functions. These take account of the influence
exerted by small rotational movements of the laser and by changes in the part
diameter. Since there are four linear axes and two rotational axes in total, the
tool and laser can be moved flexibly in relation to one another. As a result,
various turning operations can be conducted (circumferential turning,
chamfering etc.). A special optic, which ensures optimum positioning of the
laser beam prior to tool cutting edge contact, was developed and designed.
3D-CAD simulation, which allows the beam irradiation, diameter of the turned
part, operating depth and working distance to be varied, was produced in
order to determine the appropriate machine facility for inside turning (Fig. 4).

IPrecision turning machine with
integrated high power diode laser (HPDL)
- four linear axes
- two rotational axes
- automatic positioning of laser focus
- process adapted control of temperature
- process control by acoustic

emissionssensors
- safety engineering
- compact construction

Characteristics of HPDL
- focal distance ca. 80 mm
- high angle of beam spread
- max. laser power 1.2 kW
- linear focal spot 1.5 x 4 mm2

- integrated pyrometer

Fig. 4: New compact-construction lathe permits flexible machining operations
to be conducted on a wide range of parts

In addition to linking the additional axes for positioning the laser beam in the
NC control unit, an appropriate sensor feedback system was integrated within
the process management system. A quotient pyrometer, which records
measurements in the beam path of the laser, thus ensuring that it is always
the temperature in the focal spot on the workpiece surface which is
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measured, was integrated in the facility, in order to ensure a constant
temperature in the machining zone. The analog output signal is used by a
PC-assisted digital control system, to regulate the laser power. Since the
laser represents an additional tool, the focal position of the laser beam is
determined automatically prior to the commencement of a machining
operation (comparable to tool length measurement). The process is
monitored by force and structure-borne noise sensors which were
incorporated within the process control system along with special termination
criteria and safety routines. As a result of the elimination of any need for
cooling lubricant and the emissions which are produced in dry machining
operations, this technique requires a suitable extraction facility in order to
provide protection from fine dust.

The use of the laser and the resultant direct and indirect laser radiation along
with the thermal influences caused by heat conduction and convection from
the workpiece to the lathe, exert considerable influence on the behaviour of
the machine. A number of clamping chuck systems were developed with the
aim of preventing the dissipation of heat from the part to the machine. Various
materials, with low levels of thermal expansion, high strength and low
absorption, were investigated. Additionally, a cooling system which ensures a
constant temperature in the three-jaw chuck and therefore a constant heat
gradient was developed on the basis of the results of the heat flow
simulations and FEM analyses. Different degrees of heating and therefore
uneven thermal expansions in the tool at different machining times, proved to
be just as problematical. Various tool holding systems were designed in order
to avoid dimensional and form deviations. The influence exerted by cooled
tool holders, was compared with that of tool holders containing heat resistant
materials. Active tool cooling proved to be particularly suitable for laser-
assisted machining operations conducted on silicon nitride ceramics.

In order to ensure operating reliability, additional safety precautions vis-a-vis
the machine tools in which a laser system has been integrated, are required
when the laser beam is used. The aim of these technical safety measures is
to prevent any occurrence of exposure of anyone working at the machine to
the beam. The high power density of the laser beam ensures that the laser
radiation does not represent any risk to either humans or materials. This is
necessary firstly because objects (skin, eyes, material) can be damaged
when exposed to a high density beam and secondly, because the frequency
of the beam is often outside the frequency range of visible light. As a result,
humans are not warned by any visible beam and autonomous human
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protection reflexes (blinking) are not triggered. Complete encapsulation of the
machine tool is required in conjunction with appropriate safety routines in the
machine control system, which prevent laser operations when the machine
tool is open (safety locks, key-operated switches, emission warning facilities).
This involves linking even the individual emergency stop circuits of the
machine components with one another and defining priority sequences. The
process can be observed through integrated laser safety glass. The laser
safety regulations were fully implemented in the prototype and therefore
guarantee safe operation in an industrial manufacturing environment.

Laser-assisted turning of a bearing ring

The application of the laser-assisted turning technique in operations
conducted on silicon nitride ceramic, permits the economically efficient and
highly flexible manufacture of ceramic parts, using conventional cutting tools
whilst completely eradicating any need for cooling lubricant. The manufacture
of an actual sample part - a bearing inner ring made of silicon nitride for
ceramic roller bearings - supplied relevant information relating to the
efficiency of the technique and to the levels of part quality which can be
achieved. The bearing inner ring was manufactured completely in accordance
with an optimised machining strategy, which included various turning
operations: chamfering, face turning, cylindrical surface and plunge turning.
The machining strategy includes the specification of cutting sections adapted
to the requirements of the machining task in hand, taking account of the laser
positioning. When these machining operations are conducted successfully,
the result is a high level of flexibility in forming ceramic components.
Modifications in geometry can be implemented quickly and easily by
correcting the NC program accordingly. The automatic tool change in NC
mode, ensures that the machining operation is conducted within the optimum
time. In conjunction with the considerably reduced set-up and shut-down time
for the machine tool, this ensures that the laser-assisted technique has
considerable advantages over conventional grinding techniques. The
productive times recorded, are shorter or comparable with those measured in
grinding operations. When the laser-assisted turning technique is applied,
small rounded contours of up to 0.2 mm, which cause considerable problems
in grinding operations, can be produced with ease.

Optimised process design ultimately permits parts to be manufactured in
larger quantities. As a result, it was possible to conduct investigations into the
tool life times of PCD cutting inserts and into the influence exerted on surface
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quality during the process. The use of conventional PCD cutting inserts
proved to be excellent even in terms of tool costs, in comparison with the
thermally more stable CBN cutting inserts. As the temperature in the focal
spot increased, the wear sustained by the cutting insert was reduced.
However, the onset of graphitisation of the polycrystalline diamond restricts
this option to a maximum temperature of 1300 °C in the focal spot. When the
process is designed to ensure low tool wear, the PCD cutting inserts record
comparatively long tool life times. When a maximum width of wear land is
specified as 120 urn, the maximum cutting path achieved in dressing
operations conducted with cutting depths of up to 0.5 mm, was approx. 5 km
(completed turning path). Over 20 bearing inner rings can be machined to
meet the part quality specified, using one single cutting insert. The time
required to complete-machine a bearing inner ring from a sintered slug, was
reduced to only 16 minutes (Fig. 5).

Process Machining operations Machining result

cutting speed vc = 30m/min

feed f = 15 pm

depth of cut ap = 0.3 ... 1.5 mm

temperature T= 1200 °C

two cutting tools

Machining operations

- chamfering (inside and outside)

-face turning

- circumferential turning

-contour/ plunge turning

machining time 16 min

surface quality R, < 0.35 urn

tool life > 20

little set-up time

no cooling lubricant

Fig. 5: Given optimum process design, the laser-assisted turning technique
offers considerable freedom in part design.

The face, outer surface and raceway of every twentieth part were examined.
The levels of surface quality achieved, are comparable with those recorded
after grinding operations. The roughness values ranged from
Ra= 0.2-0.3 um. However, the tool wear which occurs during the process,
influences surface roughness. Ultimately, the level of surface quality which
can be obtained, depends on the process layout selected. Laser-assisted
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machining has a clear advantage over grinding in terms of edge quality.
Examinations conducted on the edge transitions between areas machined in
different turning operations, did not reveal and edge spading. This also
applies to machining operations conducted on ceramic parts, using tools
which already show signs of considerable wear. With regard to the levels of
part quality which can be achieved, the levels of dimensional and form
accuracy achieved following integration of the cooling devices previously
described, were satisfactory (Tolerance Grades IT 9 and IT 7), despite the
high process temperatures of up to 1300 °C in the machining zone.

Conclusion

In terms of economic factors such as the machining time and cost, laser-
assisted turning is a promising alternative to the traditional grinding operation.
Investigations conducted against the background of a concrete machining
task, show that in some cases, higher rates of material removal and larger
areas of material removal can be achieved in conjunction with lower tool
costs. It is likely that further potential for savings will arise when the
technological options are exploited by replacing individual process steps.
Additionally, the cost of preparing for a machining operation is lower in terms
of the NC programming and the adjustment work required. Accordingly,
companies will be able to respond more rapidly to customer requirements and
will provide greater flexibility with regard to part design. This has been
confirmed by an extensive analysis of the manufacture of demo-parts. Further
increases in efficiency in the production planning department are likely to
arise in future, as a result of the deployment of computer systems to support
NC programming. Adequate consideration must also be given to the
ecological factors. The complete elimination of any need for cooling lubricant
in laser-assisted turning operations, provides a substantial competitive
advantage. No cost at all is incurred in relation to procurement, preparation
and the disposal of cooling lubricant.

The integration concept selected and the resultant possible machining
operations, will enable manufacturing companies to extend the range of
geometries and forms for ceramic parts, by applying the laser-assisted
turning technique. Economically efficient manufacture of geometrical
elements, whose manufacture in conventional grinding operations was
previously obstructed by technological limitations, will likewise ultimately
result in expansion of the range of applications for ceramic components and
will open up new markets for ceramic. It is worth bearing in mind that there
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will, in the future, be the option of machining other advanced ceramics (SiC,
AI2O3, ZrO2) in laser-assisted turning operations and therefore new potential
for the use of ceramics.
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